of perikaryon, and density of cone contact. This classifisequence of both long and short isoforms of VA opsin cation scheme for the cone-driven horizontal cells also from the roach (Rutilus rutilus cle online). The protein sequence of rVAL opsin shares contact with MWS and SWS cones, and H3 contact with 85% identity with carp VA opsin, 83% identity with ze-SWS cones. A fourth class of rod-driven horizontal cells brafish VAL opsin, and 75% identity with smelt VAL have been termed H4 [17] . In the roach, the H4 reopsin. The cDNA encoding the short isoform in roach sponses have a peak spectral sensitivity around 530 nm has a 933 bp open reading frame that predicts a protein [18] , approximating the peak spectral absorption of rods of 310 amino acids (rVAS opsin). rVAS opsin shares 87% in the roach retina at 538 nm [19] . An electron microand 75% identity with zebrafish VAS opsin and Atlantic scope study of the roach outer retina provided evidence salmon VA opsin, respectively. The amino acid sethat the scheme proposed by Stell can also be applied quences of the two variant isoforms are identical over to roach with only a minor alteration [20] , although this the first 303 amino acids, but they differ at their C termini scheme is not the only connectivity pattern of the outer immediately after the seventh transmembrane ␣ helix retina to be proposed for the cyprinids [21] .
(see Figure [20] . Cells with H3-like mordomain. We examined the relationship between the phology that receive excitatory inputs from SWS cones known VA opsins by comparing the transmembrane reonly have been identified as the source of triphasic color gions from these species. These are presented in the (C t ) cells [23] .
form of an identity Table 3 . These data suggest that a hitherto uncharacterThe possible basis for this variability is discussed below.
ized opsin photopigment with a max of ‫774ف‬ nm may Significantly, the novel depolarization (sd*) in these cells singularly contribute to the novel depolarizing reis acutely spectrally tuned compared to the conventional sponses of the HC-RSD neurons. hyperpolarizing response (H), as illustrated in Figure 3A .
Temporal Integration of the Light Stimulus In general, the conventional hyperpolarizing response
The conventional and novel components of the HC-RSD in the HC-RSD cells was relatively nonselective for photcells exhibited clear differences in their response to proopic stimuli, and this finding is consistent with a semisalonged light ( Figure 6A ). While the amplitude of the conturated rod-type response. The lack of spectral selectivventional components (H and t) saturated around 500-ity in the conventional hyperpolarizing response allowed 750 ms after stimulus onset, the novel component (sd*) us to derive the novel component by response subtracdisplayed a continued and near linear increase in amplition ( Figure 3B ). On the basis of recordings from nine tude even when the stimulus duration exceeded 3 s HC-RSD units, we derived irradiance response curves to ( Figure 6B ). When the response kinetics of the novel generate an action spectrum for the novel depolarizing component were examined, we observed a progressive response (sd*). This was then compared to those for the increase in the rate of polarization as a function of stimuconventional hyperpolarizing (H) and primary off-tranlus duration ( Figure 6C ). These experiments suggest that sients of the light responses (t). The irradiance response the novel component has a uniquely long integration curves for the novel component exhibited a strong level time relative to those driven by rods and cones. The of univariance (Figure 4) . The spectral sensitivity data responses to long stimuli also suggest that the novel depolarization is linked to the cessation of light. for the light-evoked components of HC-RSD units were
Anatomy of the HC-RSD Cells
The light response phenotype of the HC-RSD units placed them outside of the current HC classifications in the Cyprinidae. It was therefore critical to identify these cells ( Figure 7A ). This was achieved by using ionotophoretic Lucifer Yellow injection of physiologically characterized HC-RSD neurons (Figures 7B and 7C) . The morphology of four such injected cells was examined in detail in both whole-mount and cryostat sections. On the basis of their position and cytology, the HC-RSDinjected cells are unlikely to be conventional H1 cells. The strong rod input to the HC-RSD, in combination with their anatomy, indicates that they could represent a subclass of the H4 units described in the roach retina. Furthermore, on the basis of their anatomy, these cells are strikingly similar to both VA opsin and melanopsin neurons of the outer nuclear layer ( Figure 7D ).
Discussion
The first inner retinal photopigment to be described in any vertebrate was VA opsin from the Atlantic salmon a result, the novel light responses that we have recorded All PCR products were ligated into pGEM-T-Easy Vector (Promega) and were transformed in DH5␣ Sub-Cloning Efficiency Competent Cells (Invitrogen). Nucleotide sequence determination was carried out on an ABI PRISM 377 DNA Sequencer (Perkin Elmer) by using the ABI PRISM BigDye Terminator Cycle Sequencing Kit (Perkin Elmer). To eliminate the possibility of PCR-generated sequence errors, the cloned products from three independent PCR amplifications were sequenced on both DNA strands.
Isolation of Roach Melanopsin cDNA
Consensus primers (sense, MELCON2F, 5Ј-CCGCCTTTCTTTG GCTGGAG-3Ј; antisense, MELCON2R, 5Ј-TACTTTGGATGCGTAAT GGC-3Ј) were designed to melanopsin sequences from zebrafish (AY078161), human (AF147788), and rat (AY072869) to amplify a product of approximately 450 bp. Where nucleotide differences existed, bias was given to zebrafish residues. PCRs were performed as for VA opsin, except an annealing temperature of 55ЊC and 3.0 mM MgCl 2 were used. A 449 bp product was obtained, and sequencing confirmed its identity as roach melanopsin.
The 3Ј ends of roach melanopsin cDNA were obtained by using the following gene-specific primers in conjunction with the 3Ј RACE System (Life Technologies): MELCON2F and RMELF2, 5Ј-TCAGCCA TCCATAATCCC-3Ј. The 5Ј end of the roach melanopsin cDNA was obtained by using the following gene-specific primers in conjunction with the 5Ј RACE System (Life Technologies): RMELR1, 5Ј-AAGATG GTGTACGCTCGAACTG-3Ј, RMELR2, 5Ј-GAGTGAAGGTCATATAG TCC-3Ј, and RMELR3, 5Ј-TCTGGAACATAAGCGCTCCAG-3Ј.
Phylogenetic Analysis
Amino acid sequences were aligned with ClustalX 1.81 [31] , and subsequent phylogenetic comparisons were undertaken with MEGA 2.1 [32]. A maximum parsimony tree (branch-and-bound; complete deletion of gaps/missing data) was calculated for 328 sites, and branch confidence levels were based upon 1025 bootstrap replicates. The GenBank accession numbers for the sequences used are: human melanopsin, AF147788; mouse melanopsin, AF147789; roach melanopsin, AY226847; zebrafish melanopsin, AY078161; chicken melanopsin, AY036061; Xenopus melanopsin, AF014797; cod Opn4a melanopsin, AF385823; cod Opn4b melanopsin, AY126448; Drosophila RH3 opsin, M17718.
Animals and Tissue Collection
Fish were selected at random points during the day and were killed by decapitation. The eyes were excised (lens removed) and placed in 4% buffered paraformaldehyde at room temperature (20ЊC) for 12 hr. Following a series of washes in 0.1 M phosphate-buffered saline (PBS) (pH 7.4), the tissue was immersed in 30% sucrose in PBS overnight, mounted in OCT cryoprotection medium (VWR International), and frozen at Ϫ20ЊC in a cryostat chamber. Sections (16 m thickness) were cut in a Leica cryostat as a 1-in-8 series, collected on Superfrost Plus slides (VWR International), air dried, and stored at Ϫ80ЊC until used.
In Situ Hybridization
Digoxigenin (DIG)-labeled riboprobes were transcribed by using a DIG RNA labeling kit (Roche). The probes were generated from a pGEM-T plasmid (Promega) into which the initial 468 bp fragment of the roach VA opsin isolated with primers VACON1F and VACON1R 
